The response of buried pipes and vertical strip anchors in dense sand under lateral loading is compared based on finite-element (FE) modeling. Incorporating strain-softening behaviour of dense sand, the progressive development of shear bands and the mobilization of friction and dilation angles along the shear bands are examined, which can explain the variation of peak and post-peak resistances for anchors and pipes. The normalized peak resistance increases with embedment ratio and remains almost constant at large burial depths. When the height of an anchor is equal to the diameter of the pipe, the anchor gives approximately 10% higher peak resistance than that of the pipe. The transition from the shallow to deep failure mechanisms occurs at a larger embedment ratio for anchors than pipes. A simplified method is proposed to estimate the lateral resistance at the peak and also after softening at large displacements.
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Introduction
Buried pipelines are one of the most efficient modes of transportation of hydrocarbons, both in onshore and offshore environments. Permanent ground deformations caused by various factors (e.g. landslides, slow movement of soil in a slope, nearby excavation) and thermal expansion (e.g. lateral displacement of the pipeline at the side bends) result in relative displacement between the pipe and surrounding soil. To develop the force-displacement relationships, in addition to the research on buried pipelines, studies on strip anchors (simply referred to as "anchor" in this paper) have been utilized, assuming that a geometrically similar pipe and anchor essentially behave in a similar fashion (Dickin 1994; Ng 1994) . However, comparing the behaviour of buried pipes and anchors, some contradictory results have been obtained. Based on centrifuge tests, Dickin (1994) showed no significant difference between uplift behaviour of pipes and anchors. Reanalyzing 61 tests on model pipes and 54 on anchors, White et al. (2008) D r a f t
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showed that the same limit equilibrium (LE) method overpredicts the maximum uplift resistance (mean value) of pipes by 11%, while it underpredicts the anchor resistance by 14%. The authors suggested that this discrepancy might result simply from the feature of the database or be an indication that pipes and anchors behave differently.
Very limited research comparing lateral resistance of pipes and anchors is available. In a limited number of centrifuge tests, Dickin (1988) showed no significant difference between the force-displacement curves for pipes and anchors up to the peak resistance; however, the anchors give higher resistance than pipes after the peak.
Pipelines and anchors buried in dense sand are the focus of the present study. Anchors can be installed directly in dense sand (Das and Shukla 2013) . Buried pipelines are generally installed into a trench. When the trench is backfilled with sand, the backfill material might be in a loose to medium dense state. However, during the lifetime of an onshore pipeline, the backfill sand might be densified due to traffic loads, nearby machine vibrations or seismic wave propagation (Kouretzis et al. 2013) . Furthermore, Clukey et al. (2005) showed that the relative density of sandy backfill of an offshore pipe section increased from less than ~ 57% to ~ 85-90% in 5 months after construction, which has been attributed to wave action at the test site in the Gulf of Mexico. The behaviour of buried pipes and anchors can be compared through physical modeling and numerical analysis. Physical modeling is generally expensive, especially the full-scale tests at large burial depths, in addition to having some inherent difficulties, including the examination of the progressive formation of thin shear bands in dense sand. Through a joint research project between Memorial University of Newfoundland and Queen's University, Canada, the authors and their co-workers used the particle image velocimetry (PIV) technique ) in full-scale tests for lateral pipe-soil interaction in both loose and dense sand (Burnett 2015) .
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While PIV results provide deformation of the soil particles and location of the shear bands, tests on a wide range of burial depths could not be conducted. In addition, a number of centrifuge tests were also conducted using the geotechnical centrifuge at C-CORE (Daiyan et al. 2011; Debnath 2016 ).
Force-displacement behaviour is generally expressed in normalized form using N h = F h /(γHD) and ‫ݑ‬ = u/D, where D is the diameter of the pipe (replace D with height of the anchor (B) for anchor-soil interaction), γ is the unit weight of the soil, F h is the lateral force per unit length of the pipe/anchor, H is the depth of the center of the pipe/anchor and u is the lateral displacement. The burial depth is also expressed in normalized form using the "embedment ratio,
‫ܪ‬ ෩ = H/D."
A considerable number of physical experiments were conducted on lateral pipe-soil interaction (Trautmann 1983; Hsu 1993; Daiyan et al. 2011; Burnett 2015; Monroy et al. 2015) . Guo and Stolle (2005) compiled data from 11 experimental tests on dense sand and showed that the maximum dimensionless force (N hp ) increases with ‫ܪ‬ ෩ and decreases with an increase in pipe diameter. Note, however, that a very limited number of tests for large diameters at large ‫ܪ‬ ෩ are available. Most of the tests for ‫ܪ‬ ෩ > 7 were conducted using small diameter pipes (D = 25-50 mm), except for the Trautmann (1983) tests with a 102-mm diameter pipe. Physical experiments on dense sand show a reduction of resistance after the peak (Trautmann 1983 ).
Lateral pipeline-soil interactions can occur in the field in two ways: (i) soil can push the pipeline when ground moves (e.g., during landslides), and (ii) the pipeline can push the soil-for example, thermal expansion due to operating temperature increase could cause lateral displacement at horizontal bends. When the N h ‫ݑ-‬ relation is used to model the force on the pipe due to ground movement, the use of the maximum dimensionless force (N hp ) is conservative
Page 5 of 35 because it gives a higher force on the pipe. However, for the latter cases, a lower bound estimation of soil resistance is necessary for safe design (Oswell 2016 ). For example, Oswell (2016 suggested that the consideration of a higher soil resistance is often non-conservative when a pipeline pushes the soil due to thermal expansion at the side bends. In these cases, softer horizontal soil springs considering the post-peak N h would be conservative because it will give greater pipe displacement and bending stress. In the current industry practice, stresses in the pipeline are calculated based on both upper and lower bound soil resistances, and the calculated stresses for the maximum operating temperature should not exceed the allowable values defined in the design code. The lateral displacements at the bend, when the stresses in the pipe exceeds the acceptable limits, could be higher than the displacement required to mobilize the peak force, especially when the soil has strain-softening behaviour (e.g., dense sand). In such cases, consideration of post-peak degradation of soil resistance will improve the modelling of structural response.
The existing design guidelines recommend simplified methods to calculate N hp based on angle of internal friction of the soil, φ′ (ALA 2005). However, as will be discussed in the following sections, N hp depends on mobilized shear resistance of soil along the slip planes that form due to relative displacement between the pipe and surrounding soil.
Similar to pipeline research, a large number of experimental studies have been conducted on lateral anchor-soil interaction for loose to dense sands, with a main focus on the maximum capacity, N hp (Neely et al. 1973; Das et al. 1977; Akinmusuru 1978; Dickin and Leung 1983; Hoshiya and Mandal 1984; Choudhary and Das 2017) . Among the experimental studies, limited number of tests were conducted on dense sands (e.g. Dickin and Leung 1983) . However, theoretical studies (Neely et al 1973; Dickin and Leung 1985; Murray and Geddes 1989) , finite-D r a f t element analyses (Rowe and Davis 1982; Dickin and King 1993) and finite-element limit analyses (Merifield and Sloan 2006; Kumar and Sahoo 2012; Bhattacharya and Kumar 2013) have been performed to calculate the peak lateral resistance assuming a constant representative value of friction angle (φ′) for dense sand. Similar to pipes, physical experiments show a postpeak degradation of lateral resistance for anchors in dense sand (Dickin and Leung 1983) . The use of a resistance after post-peak reduction might be safe for anchors buried in dense sand as the anchor might undergo considerably large displacements. Furthermore, some studies suggested that the modeling of progressive development of shear bands would better simulate the response of anchors in dense sand (e.g. Tagaya et al. 1983; Sakai and Tanaka 2007) .
The lateral resistance evolves from a complex deformation mechanism and the stress-strain behaviour of soil around the pipe and anchor. More specifically, the progressive development of shear bands in dense sand due to strain-softening and mobilization of shear resistance along these planes govern the lateral resistance. The stress-strain behaviour of dense sand involves the prepeak hardening, post-peak softening, relative density and effective mean stress (p′) dependent φ′ and ψ. Therefore, single representative values of φ′ and/or ψ for the Mohr-Coulomb model in FE simulation or in simplified limit equilibrium analysis should be carefully selected. For anchors, Dickin and Leung (1983) Trautmann and O'Rourke's (1983) recommendations based on physical modeling.
The aim of the present study is to conduct FE analyses to identify potential reasons behind the similarities and differences between the response of pipes and anchors in dense sand subjected to lateral loading. The progressive formation of shear bands with lateral displacement is simulated D r a f t implementing a modified form of the Mohr-Coulomb model for dense sand. The mobilization of φ′ and ψ along the shear band is examined to explain soil failure mechanisms and mobilized resistances at the peak and post-peak degradation stages. Finally, a set of simplified equations is proposed for practical applications.
Problem statement and finite-element modeling
An anchor or a section of pipe is placed at the desired embedment ratio ‫ܪ(‬ ෩ ) in dense sand and then pulled laterally. Two-dimensional FE analyses in plane strain condition are performed using Abaqus/Explicit FE software (Dassault Systèmes 2010) . Figure 1 shows the typical FE mesh at the start of lateral loading. Four-node bilinear plane-strain quadrilateral elements (CPE4R in Abaqus) are used for modeling the soil while the pipe/anchor is modelled as a rigid body. The thickness of the anchor is 200 mm. Analyses are also performed for other thicknesses (100-300 mm); however, no significant effects on lateral resistance are found. The bottom of the FE domain is restrained from any horizontal and vertical movement, while all the vertical faces are restrained from lateral movement. The boundaries are placed at a sufficiently large distance from the pipe/anchor to minimize boundary effects on lateral resistance. To avoid numerical issues related to large mesh distortion, soil is defined as an adaptive mesh domain with the default
Lagrangian type boundary regions (lines in the present two-dimensional analysis), which creates new smooth mesh with improved aspect ratios at given intervals.
The interface behaviour is modeled using a surface-based contact method that allows slip and separation between pipe/anchor and soil. The frictional resistance is defined using the interface friction coefficient (µ) as µ = tan(ϕ µ ), where ϕ µ is the interface friction angle. ϕ µ depends on interface characteristics and relative movement between the pipe/anchor and soil and typically lies between 50 and 100% of the peak friction angle (Yimsiri et al. 2004) . Such variation of ϕ µ D r a f t
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can change the maximum lateral resistance by 5%-8% (Yimsiri et al. 2004; Jung et al. 2013 ). In the present study, ϕ µ = 17.5° is used.
The numerical analysis is conducted in two steps. In the geostatic step, all the soil elements are brought to the in-situ stress condition under K 0 = 1.0, where K 0 is the at-rest earth pressure coefficient. The value of K 0 does not significantly affect the lateral resistance in FE analysis (Jung et al. 2016 ). In the second step, the pipe/anchor is displaced laterally by specifying a displacement boundary condition at the reference point (center of the pipe/anchor).
Modeling of soil
Two soil models are used in this study: PS configuration is used (Bolton 1986) .
ii) The mobilization of φ′ and ψ with γ p is modeled using Eqs. (6) to (9), which show that φ′ and ψ gradually increase from the initial value (φ
In the post-peak region, φ′ and ψ are reduced exponentially, as in Eqs. (7) and (8), from the peak to the critical
As the analysis is performed for the PS condition, φ ୡ ᇱ =35° is used, which is typically 3°-5° higher than that of the TX configuration (Bishop 1961; Cornforth 1964; Pradhan et al. 1988; Yoshimine 2005) .
iii) The Young's modulus (E) is calculated using Eq. (10) (Janbu 1963; Hardin and Black 1966) , where p′ is the initial mean effective stress at the springline of the pipe, ‫‬ ୟ ᇱ is the atmospheric pressure (= 100 kPa), K is a material constant, and n is an exponent. Equation (10) has also been used in the previous studies for FE modeling of pipe-soil interaction (Yimsiri et al. 2004; Guo and Stolle 2005; Daiyan et al. 2011; Jung et al. 2013) . In the present study, K = 150
and n = 0.5 is used. The Poisson's ratio of 0.2 is used for the soil, which is considered as the representative value for dense sand (Jefferies and Been 2006) .
The implementation of the MMC model in Abaqus using a user defined subroutine has been discussed elsewhere .
Model tests simulations
In order to show the performance of the present FE modeling, simulations are first performed for two 1g model tests with 100-mm diameter pipe and two centrifuge tests with 1,000-mm high strip anchor (in prototype scale), conducted by Trautmann (1983) and Dickin and Leung (1983) , respectively. These tests were conducted in dense sand having D r ~ 80%. Dickin and Leung (1)- (3)). Dickin and Laman (2007) simulated the response of anchors in this sand at loose condition using a friction angle of 35°, which is similar to φ ୡ ᇱ (Dickin 1994) . Trautmann (1983) conducted the tests on clean and subangular dense Cornell filter sand (γ = 17.7 (kN/m 3 ). Analyzing a large number of tests on different sands, Bolton (1986) suggested Q = 10 and R = 1 for Eq. (1), and A ψ = 5 and k ψ = 0.8 for Eqs. (2) and (3) (4)- (9)). Dickin and Leung (1983) did not provide the stressstrain curves of Erith sand used in their centrifuge modeling; therefore, the values of C 1 , C 2 and m of this sand are assumed to be the same as Cornell filter sand.
FE simulations are performed for ‫ܪ‬ ෩ = 1.5 and 5.5 for pipes and ‫ܪ‬ ෩ = 1.5 and 4.5 for anchors, to explain the effects of the embedment ratio. The soil parameters used in FE simulations are listed in Table 2 . Although c′ = 0 for sand, a small value of c′(≤ 0.01 kPa) is used to avoid numerical issues. Further details on lateral pipe−soil interaction and performance of the MMC model can be found in .
Force−displacement behaviour of anchor
Figure 2 (a) shows the normalized force-displacement curves for anchors. The FE simulation with the MMC model for ‫ܪ‬ ෩ = 1.5 shows that N h increases with ‫ݑ‬ , reaches the peak (N hp ) at ‫ݑ‬ ~ 0.05 (point A) and then quickly decreases to point B, which is primarily due to the strainsoftening behaviour of dense sand. After that, N h remains almost constant. In the present study, D r a f t the rapid reduction of the lateral resistance segment of the N h ‫ݑ-‬ curve (e.g. segment AB for ‫ܪ‬ ෩ = 1.5) is called the "softening segment," while the segment after softening (e.g. segment after point B) is the "large-deformation segment." Although some cases show a slight decrease in resistance in the large deformation segment, the resistance at the end of softening segment (e.g. at point B)
is considered to be the "residual resistance (N hr )."
For comparison, centrifuge test results from Dickin and Leung (1983) are also plotted in Fig.   2 Palmer et al. (2003) showed that while the peak resistances obtained from these tests are comparable, the normalized mobilization distance in the centrifuge is significantly higher than that required in 1g tests. They also inferred that the centrifuge scaling law may not be fully applicable to strain localization and shear band formation in dense sand, although the magnitude of resistance could be successfully modeled. The present FE analysis for lateral anchor-soil interaction also shows a similar trend, which implies that the mobilization distance in FE analysis might be comparable to 1g tests.
A very similar trend is found for ‫ܪ‬ ෩ = 4.5 when the centrifuge test results are compared with there is a post-peak reduction of N h ; however, for a low ‫ܪ‬ ෩ (= 1.5), no significant post-peak reduction of N h is found. Unlike Fig. 2(a) , no significant discrepancy in the normalized mobilization distance between the model test and FE simulation results is found, because in this case the tests were conducted at 1g while the tests presented in Fig. 2 (a) were conducted at 40g.
The model tests conducted by Audibert and Nyman (1978) using a 25-mm diameter pipe buried in dense Carver sand also show similar response: no significant post-peak degradation of N h for shallow-buried ‫ܪ(‬ ෩ = 1.5 and 3.5), but a considerable post-peak degradation for deeper pipelines ‫ܪ(‬ ෩ = 6.5 and 12.5).
As will be discussed later in the "Failure mechanisms" section that the shear bands form gradually with lateral displacement of the pipe/anchor, and plastic shear strains generate in the shear band even before the mobilization of peak resistance. Therefore, the shape of pre-peak N h -‫ݑ‬ curves in Fig. 2 is influenced by: (i) burial depth (i.e. p′) dependent Young's modulus, E (Eq.
(10)), (ii) p′ and γ p dependent φ′ and ψ (Eqs. (6)- (9)), and (iii) burial depth dependent shape of the slip planes, as will be shown later in Fig. 7 . Proper estimation of E is a challenging task. 
Limitations of the Mohr-Coulomb model
To show the advantages of the MMC model, three FE simulations with the MC model are performed for ‫ܪ‬ ෩ = 1.5 using three sets of φ' and ψ values (φ' = 50°,ψ = 19°; φ' = 44°,ψ = 16° and φ' = 35°,ψ = 0°). Here, for a given φ', the value of ψ is calculated using Eq. (2) in Table 1 . As expected, for the MC model, N h increases with ‫ݑ‬ , reaches the peak (N hp ) and then remains constant ( Fig. 2(a) ). Figure 2 (a) also shows that the MC model for φ'=44° and ψ=16° gives N hp comparable to the peak of the centrifuge test results. For φ'=50° and ψ=19°, N hp is significantly higher, and for φ'=35° and ψ=0°, N hp is significantly lower than the centrifuge test results.
Although it is not explicitly mentioned in the design guidelines, equivalent (representative)
values for these two parameters should be carefully selected, as they vary with γ p ). In general, the equivalent values of φ′ and ψ should be smaller than the peak and higher than the critical state values. For example, Dickin and Leung (1983) mentioned that if the peak friction angle obtained from laboratory tests is used, the theoretical models (Ovesen and Stromann 1972; Neely et al. 1973) , where ϵሶ ୧୨ ୮ is the plastic deviatoric strain rate tensor (Figs. 3(a-d) ).
These figures show the variations of γ P at points C, D, E and F in Fig. 2(a) . Three distinct shear bands (f 1 -f 3 ) form in all the cases. However, the approximate angle of the shear band f 1 to the vertical increases with φ' and ψ, as shown by drawing lines through the shear bands (Fig. 3(e) ), which in turn increases the size of the passive failure wedge and thereby lateral resistance. An opposite trend, a decrease in size of the active failure wedge (on the left side of the anchor) with an increase in φ' and ψ is found; however, the active zone does not have a significant effect on lateral resistance. Further details on soil failure mechanisms, including the comparison with physical model test results, are available in Roy et al. ( , 2016a .
Mesh sensitivity
As the MMC model considers the strain-softening behaviour of dense sand, FE simulations with this model are expected to be mesh sensitive. More specifically, the formation of shear bands and mobilization of φ' and ψ need to be modeled properly. For sand, the ratio between the thickness of the shear band (t s ) and the mean particle size (d 50 ) varies between 3 and 25; the lower values mostly correspond to coarse-grained sands (Loukidis and Salgado 2008; Guo 2012) . As the soil is modeled as a continuum in the FE analysis, the width of the shear band can be controlled by varying element size, which is described by the characteristic length of the finite element (t FE ). Very small t FE gives an unrealistically thin shear band, while large t FE cannot capture strain localization properly. The ratio of t s /t FE also depends on loading conditions. For example, Loukidis and Salgado (2008) used t FE = t s in the zone of strain localization near the pile to calculate the shaft resistance in dense sand. However, the deformed mesh under the footing in dense sand shows t s ~ (2-3)t FE (Tejchman and Herle 1999; Tejchman and Górski 2008) , which is consistent with model tests results (Tatsuoka et al. 1991 Figure 4 shows the sample mesh sensitivity analysis results for a 500-mm diameter pipe. If the scaling rule is not used, the peak resistance and the rate of post-peak degradation are considerably higher for coarse mesh (t FE = 50 mm) than for fine mesh (t FE = 10 mm). However, the mesh size effect on N h is negligible at very large ‫ݑ‬ , because at this stage the shear strength along the shear bands is simply governed by the critical state parameters. is found for other diameters. In the present study, except for mesh sensitive analysis, t FE ~ 10 mm, while a few rows of elements near the pipe have t FE < 10 mm.
Peak anchor resistance Figure 5 shows that the peak resistance obtained from FE analyses with the MMC model is higher for a 500-mm anchor than that of a 1,000-mm anchor. The normalized peak dimensionless force (N hp ) increases with ‫ܪ‬ ෩ ; however, it remains almost constant at large embedment ratios. 
D r a f t
Comparison of response between pipes and strip anchors Figure 6 shows the N h ‫ݑ-‬ curves for a similar-sized pipe and anchor (B = D = 500 mm), on which the points of interest for further explanation are labeled (circles, squares and diamonds are for the peak, residual and large displacements, respectively). Similar to physical model test results for anchors and pipes (Dickin and Leung 1983; Hoshiya and Mandal 1984; Trautmann 1983; Paulin et al. 1998) , N h increases with ‫ݑ‬ , reaches the peak value and then decreases to a residual value. For deeper conditions (e.g. ‫ܪ‬ ෩ = 6 & 8), the decrease in N h continues even at large ‫ݑ‬ ; however, for simplicity, the N h after the square symbols is assumed to be constant (residual) for further discussion. Figure 6 also shows that, for a given ‫ܪ‬ ෩ and B (= D), an anchor offers higher resistance than pipe. Note that, in a limited number of centrifuge tests, Dickin (1988) found higher residual resistance for an anchor than a similar-sized (B = D) pipe, although the peak resistances were similar. In other words, there is a "shape effect" on lateral resistance-the resistance is higher for the flat-surfaced anchor than the curve-surfaced pipe. In addition, ‫ݑ‬ required to mobilize the peak and residual resistances is higher for the anchor than for the pipe (e.g. ‫ݑ‬ at A′ is greater than ‫ݑ‬ at A, Fig. 6 ). This is because of the difference in soil failure mechanisms between anchors and pipes, as will be discussed in the following sections.
FE analyses are also performed for a large ‫ܪ‬ ෩ (= 15). No significant increase in peak resistance occurs for an increase in ‫ܪ‬ ෩ from 8 to 15. Moreover, the post-peak degradation of resistance for ‫ܪ‬ ෩ = 15 is not significant.
Failure Mechanisms
The trend of lateral resistance shown in the previous sections can be further explained from the progressive development of shear bands (Figs. 7(a)-(x) ). For small embedment ratios ‫ܪ(‬ ෩ = 2−4), the lateral displacement of the pipe or anchor results in formation of active and passive
Page 18 of 35 soil wedges, which is known as "wedge" type failure (Figs. 7 (a−l) ). For a pipe at ‫ܪ‬ ෩ = 2, γ p accumulates mainly in three shear bands, and the length of the shear bands increases with lateral displacement of the pipe (Figs. 7(a-c) ). At the peak, γ p generates in the shear bands mainly near the pipe, while γ p is very small when it is far from the pipe. This implies that, in the segments of the shear band far from the pipe, γ p is not sufficient to mobilize the peak friction and dilation angles. At the peak, γ p in the shear band is higher for the anchor than for the pipe (Figs. 7(a) and 7(d)).
Moreover, a larger passive wedge forms for the anchor than for the pipe (compare Fig. 7 (b) and 7(e)). The distance between the center of the anchor and the point where f 1 reaches the ground surface (l a ) is ~ 4.5B, while for the pipe, this distance (l p ) is ~ 4D. Because of this larger size of the passive wedge (l a > l p ), the anchor offers higher resistance than pipe, as shown in Fig. 6 . A similar response is found for ‫ܪ‬ ෩ = 4 (Figs. 7(g-l) ); however, l a /l p ~ 1.3 (as compared to l a /l p ~ 1.1 for ‫ܪ‬ ෩ = 2), which is the primary reason for a significant difference between the resistances for pipe and anchor for ‫ܪ‬ ෩ = 4 (Fig. 6 ). Dickin and Leung (1985) observed the formation of similar failure planes in their centrifuge tests for ‫ܪ‬ ෩ = 2.5 and 4.5.
For a moderate embedment ratio ‫ܪ(‬ ෩ = 6 & 8), at the peak, plastic deformation occurs mainly around the pipe (Fig. 7(m) ). However, for the anchor, two horizontal shear bands in the front and
Page 19 of 35 a curved shear band at the back form at this stage ( Fig. 7(p) ). Three distinct shear bands, similar to the small embedment ratio cases, form at relatively large ‫ݑ‬ (Figs. 7(n) & 7(q)). At large ‫ݑ‬ , a number of shear bands also form around the pipe and anchor, which also influence the forcedisplacement behaviour. Not shown in Fig. 7 , at large burial depths ‫ܪ(‬ ෩ = 15), only local flow around mechanisms are observed both for anchor and pipe.
In summary, the force-displacement curves obtained from the model tests or numerical analysis evolve from complex soil failure mechanisms during lateral loading. Because of the considerable difference in soil failure mechanisms, anchors offer higher resistance than pipes.
Proposed simplified equations
A set of simplified equations is proposed in this section to calculate the peak (N hp ) and residual (N hr ) resistances for pipes and anchors. These equations are developed based on the following trend observed in model tests and the present FE simulations: (i) both N hp and N hr increase with ‫ܪ‬ ෩ ; however, N hp remains constant after a critical embedment ratio ‫ܪ(‬ ෩ ୡ ); (ii) the difference between N hp and N hr is not significant at large ‫ܪ‬ ෩ ; (iii) for a given ‫ܪ‬ ෩ , the smaller the pipe diameter or anchor height, the higher the N hp and N hr ; (iv) for a given B = D, anchor resistance is higher than pipe resistance.
In order to capture these phenomena, the following equations are proposed:
where N Fig. 3(d) ).
When the peak resistance is mobilized, the plastic shear strain along the entire shear band is not the same-in some segments γ to calculate the bearing capacity of footing on dense sand, where shear bands form progressively, has been presented by Loukidis and Salgado (2011) . Similarly, a representative value of φ′ (<φ
has also been used to calculate the anchor resistance (Dickin and Leung 1983; Dickin 1994) .
To calculate N hr0 , µ 1 = tanφ ୡ ᇱ is used, because, at this stage, significant plastic shear strains generate along the entire length of the failure plane that reduce φ′ to the critical state value (e.g. Fig. 7(b) ). It is also found that β does not change significantly with lateral displacement (e.g. see
Figs. 7(a-c)). Therefore, β is calculated using φ
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Similar to the work of Guo and Stolle (2005) , the size factor is calculated using ݂ = 0.91ሺ1 + ‫ܦ‬ /ሺ10‫ܦ‬ሻሻ. The present FE results also show that ‫ܪ‬ ෩ ୡ is higher for smaller size pipes or anchors, which is incorporated using ‫ܪ‬ ෩ = ݂ ு ‫ܪ‬ ෩ , where ݂ ு = 0.6ሺ1 + ‫ܦ‬ /ሺ1.5‫ܦ‬ሻሻ.
For the geometry and soil properties used in the present study, the peak resistance remains constant after ‫ܪ‬ ෩ ~ 7.5 for a 500-mm diameter pipe. Therefore, ‫ܪ‬ ෩ = 7.5 is used for the reference condition. It is also found that the calculated resistances using Eqs. (11) to (13) In summary, while Guo and Stolle (2005) found a gradual increase in N hp for pipe with the embedment ratio, the present study shows that both N hp and N hr increase with ‫ܪ‬ ෩ for pipes and anchors, and reach a constant maximum value after a large ‫ܪ‬ ෩ . For practical purposes, without conducting FE analysis, the reference resistance can be calculated using the O'Rourke and Liu (14)). The present FE analysis and the simplified equations provide a method to estimate the peak and residual resistances.
Finally, the above calculations are valid only for the given reference conditions (D = 500 mm and ‫ܪ‬ ෩ = 1); for other reference conditions at shallow burial depths ‫ܪ(‬ ෩ < 3.0), the model parameters in Eqs. (11)- (13) and φ ୣ ᇱ in Eq. (14) might be different.
Conclusions
Under lateral loading, the behaviour of buried pipelines and vertical strip anchors are generally assumed to be similar. In the present study, the similarities and differences between the behaviour of pipes and vertical strip anchors in dense sand subjected to lateral loading are examined through a comprehensive FE analysis. A modified Mohr-Coulomb (MMC) model for dense sand that captures the variation of friction and dilation angles with plastic shear strain, confining pressure and relative density are implemented in the FE analysis. The plastic shear strain localization (shear band) is successfully simulated, which can explain the soil failure mechanisms and the variation in lateral resistance for pipes and anchors for a wide range of embedment ratios. The proposed MMC model can simulate the peak resistance and also the postpeak degradation, as observed in physical model tests, which cannot be done using the MohrCoulomb model. The following conclusions can be drawn from the present study:
• The peak and residual resistances (N hp and N hr ) increase with the embedment ratio ‫ܪ(‬ ෩ ) both for pipes and anchors. However, after a critical ‫ܪ‬ ෩ , N hp remains almost constant. The anchor resistance is ~ 10% higher than that of a similar-sized pipe.
• The critical embedment ratio ‫ܪ(‬ ෩ ୡ ) is higher for smaller diameter pipe.
• The difference between N hp and N hr is significant at small to moderate ‫ܪ‬ ෩ ; however, the difference is not significant at large ‫ܪ‬ ෩ . D r a f t
• Both N hp and N hr are higher for smaller diameter pipes and smaller height of anchors.
• At a small ‫ܪ‬ ෩ , the soil failure mechanisms involve dislocation of active and passive wedges bounded by three distinct shear bands. At an intermediate ‫ܪ‬ ෩ , the active and passive wedges form at large displacements of the anchor/pipe. However, at a large ‫ܪ‬ ෩ , flow around mechanisms govern the behaviour.
• The transition from shallow to deep failure mechanisms occurs at a lower ‫ܪ‬ ෩ in pipes than in anchors.
• The mobilized φ′ along the entire length of the shear band at the peak or post-peak degradation stages is not constant, because it depends on plastic shear strain. Even when N hp is mobilized, φ′ = φ • The proposed simplified equations can be used to estimate the peak and residual resistances of pipelines and anchors for shallow to intermediate embedment ratios. For large burial depths, no significant difference between these two resistances is found.
One practical implication of the present numerical study is that the parametric study can complement existing experimental data because it covers a wide range of pipe diameters and burial depths, including the cases of large diameter pipes and large embedment ratios, which 
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